Background
==========

Potent opioids (etorphine, carfentanil or thiafentanil) are considered the drugs of choice for immobilization of free-ranging moose \[[@B1]-[@B3]\]. In Sweden, 1,263 moose captures were carried out with etorphine-acepromazine-xylazine from a helicopter 1984--2003, with an overall mortality rate of 1.0% \[[@B4]\]. During the same period, 1,491 captures of moose were done in Norway with etorphine, with an overall mortality rate of 0.5% \[[@B4]\]. Other opioids and combinations of opioids used in moose include carfentanil-xylazine \[[@B5],[@B6]\], carfentanil \[[@B6]\] and thiafentanil \[[@B3]\]. In other studies of different subpopulations of moose, xylazine and carfentanil in combination resulted in much higher mortality rates \[[@B4]-[@B6]\]. A study of moose captures using thiafentanil \[[@B3]\] reported induction and recovery times of less than 4 minutes, but the mortality rate was 5% within the first 30 days of capture with causes of death including pneumonia, malnutrition and undetermined

While low mortality rates are important, they cannot stand alone as the measure of capture success and immobilization safety. Evaluation of capture physiology has both research and welfare implications. Altered physiology during capture can affect research results including movement and activity levels \[[@B7]\]. No effect on calving rates of captured females was documented when a combination of carfentanil, fentanyl, xylazine and hyaluronidase was used \[[@B8]\]. However, calves born to females captured in the last 3 months of pregnancy had lowered postnatal survivorship than those born to females not captured during this period \[[@B8]\]. A recent study evaluating movement pre and post capture with etorphine-acepromazine-xylazine found abnormally increased movements for up to 4.5 days after capture with no further residual effect \[[@B9]\].

Arterial blood gases and acid-base status are valuable for evaluating capture methods and their physiological effects. Acidosis and hypoxemia could have many undesirable and undetected effects including organ dysfunction \[[@B10]\] and damage to the brain \[[@B11]\], liver \[[@B12],[@B13]\] and kidneys \[[@B14]\], and in sheep, has been shown to result in fetal hypoxemia \[[@B15]\], leading to fetal brain damage \[[@B16]\]. These effects are difficult to evaluate in wildlife but may have consequences for the quality of results of the ecological studies dependent on capturing representative animals.

To our knowledge, physiological evaluation of immobilized moose including blood gases and acid--base status has not been reported previously. The aim of this study was to evaluate the physiology, including vital signs and blood oxygen and acid--base status, of moose immobilized with etorphine-acepromazine-xylazine.

Methods
=======

The study was conducted during March 2010 in Nikkaluokta, Sweden (67°52' N, 18°66' E). Twelve female and three male moose three to fifteen years old were captured and collared as part of ongoing research. All captures were approved by the Ethical Committee on Animal Experiments in Umeå, Sweden. All moose had been captured and equipped with radiocollars and/or GPS collars three years previously. The moose were aged based on tooth wear (calibrated with sectioning \[[@B17]\]) during immobilizations one year prior to these captures. Animals were not weighed.

The moose were located based on GPS positions and radio tracking. A CO~2~ powered rifle (Dan-Inject, Børkop, Denmark) was used to deliver a dart injection in the gluteal or epaxial muscles from less than 10 m away by helicopter. The dart contained a mixture of 75 mg xylazine (Rompun®, Bayer AG, Leverkusen D-51368, Germany), 3.37 mg etorphine and 15.0 mg acepromazine (Large Animal Immobilon®, Novartis Animal Health, Litlington, UK, 2.25 mg/ml etorphine and 10 mg/ml acepromazine). Moose not recumbent after 15 minutes were given a second dart with 2/3rds of the original dose. All darts had a Recco tracking device (Recco AB, Lidingö, Sweden) to ensure that they could be recovered.

Altitude was determined by correlating GPS points recorded from the helicopter with a detailed terrain map. Snow depth was measured in three places along the final 15 meters that the moose walked with a meter stick and the average was used. Ambient temperature and barometric pressure were also recorded.

Recorded variables included time from sighting animal to successful darting (darting time), time from darting to recumbency (induction time), and estimated distance run (distance from initial sighting to recumbency). All moose were maintained in sternal recumbency during immobilization. Pulse rate (by palpation of auricular artery), respiratory rate (counting thoracic excursions), and rectal temperature (using a digital thermometer) were measured as soon as possible after recumbency (upon capture) and repeated 15 minutes later. On capture and approximately 15 minutes later, arterial blood samples were collected anaerobically from the auricular artery using self-filling arterial syringes with heparin (PICO™ 70, Radiometer Copenhagen, Brønshøj, Denmark) and analyzed immediately with an i-STAT®1 Portable Clinical Analyzer and i-STAT® CG4+ and EC8+ cartridges (Abbott Laboratories, Abbott Park, Illinois 60064--6048, USA). The i-STAT®1 analyzer was kept in an insulated box to keep it at optimum temperature (16-30°C), with warm water bottles used as needed. Measured variables included pH, hematocrit, partial pressure of arterial oxygen (PaO~2~) and carbon dioxide (PaCO~2~) and whole blood concentrations of lactate, sodium (Na), potassium (K), chloride (Cl), and glucose. PaO~2~, PaCO~2~ and pH were corrected based on rectal temperature. Calculated values included concentration of bicarbonate (HCO~3~), hemoglobin, oxygen hemoglobin saturation (SaO~2~%), base excess (BE), and anion gap (AG).

Etorphine was reversed with diprenorphine (Large Animal Revivon® 3 mg/ml, Novartis Animal Health) at a dose ratio at 1.33 mg per mg etorphine. Xylazine was reversed with a ratio of 0.1 mg atipamezole per mg xylazine (Antisedan®, 5 mg/ml, Orion Pharma Animal Health, Turku, Finland) \[[@B18]\]. Time from darting until time of administration of reversal drugs and time from reversal until standing were recorded.

Hypoxemia was defined as mild (PaO~2~ 8.0-10.0 kPa), marked (PaO~2~ 5.5-8.0 kPa), or severe (PaO~2~ \<5.5 kPa). Acidemia was defined as a pH \<7.35, and acidemia was considered marked if pH \<7.20. Hypocapnia was defined as a PaCO~2~ \<4.5 kPa and hypercapnia was defined as mild (PaCO~2~ 6--8 kPa) or marked (PaCO~2~ \>8 kPa).

The alveolar oxygen tension (PAO~2~) was calculated based on the alveolar gas equation *PAO*~2~ = *FiO*~2~(*PB* − *P*~*H*20~) − (*PaCO*~2~/*RQ*)\]. FiO~2~ = fraction of inspired oxygen (0.21). P~H2O~ = saturated vapor pressure for water at 37°C (47 mmHg). Barometric pressure (PB) was recorded with the iSTAT and 1.0 was used for the respiratory quotient (RQ) \[[@B19]\]. The aveolar-arterial oxygen tension difference \[P(A-a)O~2~ was calculated by subtracting PaO~2~ from PAO~2~.

Statistics
----------

Variables were first tested for normality using Kolmogorov-Smirnov test for normality (p\<0.05). Results for the first and second sample (both measured and calculated values) were compared using Wilcoxon signed rank test. Statistics were carried out using JMP® 9.0.2 (SAS Institute, NC, USA).

Results
=======

Moose were either in sternal recumbency on initial approach, or placed in sternal recumbency before sampling. The immobilization in general was characterized by open eyes, pupils positioned centrally and the head lowered, often into the snow, in which case the snow was cleared from the area in front of their nostrils (Figure [1](#F1){ref-type="fig"}).

![**Moose with head in the snow.** This moose, immobilized with the combination of etorphine-acepromazine-xylazine, exhibits open eyes with the pupils positioned centrally and the head lowered into the snow.](1751-0147-54-77-1){#F1}

Mean ± SD (range) of ambient temperature was −8 ± 3 (−4 to −15) degrees Celsius and snow depth was 52 ± 15 (30--75) cm. Altitude ranged from 444 to 595 meters above sea level with a barometric pressure from 694 to 708 mmHg. The initial doses used in this study were sufficient to immobilize 12/15 (80%) of moose on the first dart. Recumbency occurred in 6.5 ± 2.5 (3.5-11.5) minutes except for three animals that required a second dart 16--21 minutes after darting. These three animals were recumbent in 2, 3 and 9 minutes after the second dart. Between discovery and the first dart, moose moved an estimated 428 ± 303 (20--1,100) meters in 3.5 ± 3 (1--13) minutes. Once recumbent, no animals required supplemental drug doses. Atipamezole and diprenorphine were administered intravenously at 43 ± 10 (30--66) minutes after last darting. Mean time to standing was 2:12 ± 0:28 (1:30--3:20) min:sec.

Physiological variables and arterial blood gas results for moose with paired samples are presented in Table [1](#T1){ref-type="table"}. All variables were normally distributed except for rectal temperature, and SaO~2~. All 15 moose had at least one PaO~2~ measurement below 10 kPa (mild hypoxemia) and 9 moose were between 5.5-8.0 kPa (marked hypoxemia) with two moose exhibiting severe hypoxemia (\<5.5 kPa). For PaCO~2,~ 14 moose had at least one measurement above 6kPa (mild hypercapnia) and two had at least one measurement above 8 kPa (marked hypercapnia). PaO~2~ did not significantly change between sample 1 and 2 (Table [1](#T1){ref-type="table"}). All moose were acidemic (pH\< 7.35) and the acidemia was classified as marked in 9/15 moose (pH\<7.20). The PAO~2~ and P(A-a)O~2~ did not differ between the first and second samples. PAO~2~ was 11.3 ± 1.0 (9.8-13.2) kPa between 15--23 minutes and 11.3 ± 1.0 (9.8-13.2) kPa from 29--43 minutes. P(A-a)O~2~ was 3.0 ± 1.4 (0.7-5.6) kPa between 15--23 minutes and 3.3 ± 1.2 (1.1-4.9) kPa from 29--43 minutes.

###### 

Physiological variables during anesthesia of moose

   **Time from darting**                 **T1: 15--23 minutes**   **T2: 29--43 minutes**                           
  ----------------------- ------------- ------------------------ ------------------------ ------------------------ --------
        Pulse Rate          beats/min              10                 46±8 (32--60)            45±8 (36--60)        *NSD*
      Repiratory Rate      breaths/min             10                 39±7 (28--52)            34±9 (22--48)        *NSD*
      Rectal Temp^\#^           C                  10              37.7±0.5 (37.2-38.7)     37.4±0.6 (36.6-38.7)    *NSD*
        PaO~2~^\*^             kPa                 10              8.46±1.90 (5.2-10.8)      8.12±1.94 (4.8-11)     *NSD*
                              mmHg                 10             63.5±14.2 (39.0-81.0)    60.9±14.6 (36.0-82.5)    *NSD*
        PaCO~2~^\*^            kPa                 10             6.98±1.12 (5.29-8.63)    7.21±1.14 (5.76-9.31)    *NSD*
                              mmHg                 10              52.4±8.4 (39.7-64.7)     54.1±5.9 (43.2-69.8)    *NSD*
          SaO~2~               \%                  10                 79±13 (70--89)           79±20 (49--95)       *NSD*
         pH^\*,†^                                  10             7.15±0.12 (6.95-7.35)    7.21±0.10 (7.03-7.35)    0.0002
          PAO~2~               kPa                 10              11.3±1.0 (9.8-13.2)       11.3±1.0(9.8-13.2)        
                              mmHg                                84.9 ± 7.4 (73.7-99.1)   85.1 ± 7.4 (73.7-99.1)   *NSD*
        P(A-a)O~2~             kPa                 10               3.0±1.4 (0.7-5.6)        3.3±1.2 (1.1-4.9)         
                              mmHg                                22.2 ± 10.2 (5.3-42.1)    24.8 ±8.8 (8.1-36.8)    *NSD*
        Lactate^†^           mmol/l                10              12.6±5.1 (5.0-19.8)       9.8±4.7 (2.8-16.4)     0.0002
       Anion Gap^†^           mEq/l                9                20.9±3.9 (16--26)        18.6±4.2 (12--25)      0.0059
            Na               mmol/l                9               137.6±1.0 (136--139)     136.8±1.6 (135--140)    *NSD*
           K^†^              mmol/l                9                3.5±0.3 (2.9-3.8)        3.7±0.3 (3.2-4.1)      0.0391
            Cl               mmol/l                9               101.9±2.0 (99--105)      101.8±3.1 (98--108)     *NSD*
          Glucose            mmol/l                9                6.6±0.6 (5.7-7.6)        7.0±1.0 (5.6-8.5)      *NSD*
          Hct^†^             \% PCV                9                41.6±4.2 (33--46)       38.6±3.2 (33.0-42.0)    0.0063
           Hb^†^               g/L                 9                141±14 (112--143)        131±11 (112--143)      0.0059
           BE^†^             mmol/l                10              −10.8±5.8 (−18-(−1))     −6.4±5.2 (−13-(+3))     0.0002
          HCO3^†^            mmol/l                10              18.0±4.0 (13.4-24.5)     21.5±4.0 (17.0-28.9)    0.0002

\*Blood gas and pH values were corrected to rectal temperature.

Mean and standard deviation of physiological variables at 15--23 and 29--43 minutes for moose darted once. SaO~2~=hemoglobin oxygen saturation. PaO~2~ and PaCO~2~ = partial pressures of arterial oxygen and carbon dioxide.

All moose were living seven months after capture except for one male, which was harvested during the regular hunting season six months after capture.

Discussion
==========

This study of 15 animals presents physiological variables in moose anesthetized with etorphine-acepromazine-xylazine. To the best of our knowledge, this type of evaluation has not previously been reported for anesthetic protocols in moose. This study documented hypoxemia, hypercapnia and acidemia in moose immobilized with this combination.

Although the mean induction time for the 12 moose immobilized with one dart in our study was acceptable, it was over 2 minutes longer than the 4.4 ± 2.6 minutes reported in etorphine-immobilized moose \[[@B20]\]. Pulse and rectal temperature did not change over time and were within acceptable ranges for this species. Guidelines for cervid anesthesia include taking corrective measures when a rectal temperature over 40°C or a heart rate under 30 beats per minute is observed \[[@B2]\].

Although the moose were kept in sternal recumbency and snow was cleared from around the nose, the position with the head lowered, may have added to the drug-induced hypoxemia seen in this study. In moose immobilized with etorphine alone, moose were in sternal recumbency \[[@B1],[@B21]\] with the head raised. Adding xylazine to opioids is not recommended in moose \[[@B1]\] as it results in a deeper immobilization, affecting the positioning (lateral without deep snow, head down) \[[@B1],[@B2],[@B22]\] and resulting in an increased risk of adverse effects including lower hemoglobin oxygen saturation measured by pulse oximetry (J. M. Arnemo, unpublished data) regurgitation and risk of pneumonia \[[@B1],[@B22]\] and higher mortality \[[@B23]\]. Opioids, such as etorphine, produce dose-dependent respiratory depression, primarily by causing the respiratory center of the brain stem to be less responsive to increased PaCO~2~\[[@B24]\]. The responsiveness to PaCO~2~ is further decreased by coadministered sedatives or other anesthetic agents including phenothiazines \[[@B24]\], such as acepromazine. Xylazine which when used alone, causes a dose-dependent decreased responsiveness to CO~2~ that is further compounded when combined with opioids \[[@B25]\]. In sheep, xylazine was shown to cause pulmonary edema resulting in hypoxemia and lung tissue damage \[[@B26]\].

Moderate to severe hypoxemia has also been documented in other ruminants anesthetized with alpha-2 combinations including wood bison (Bison bison) \[[@B27]\], mule deer (*Odocoileus heminus*) \[[@B28],[@B29]\], wapiti (*Cervus canadensis*) \[[@B29],[@B30]\] and white tailed-deer (*Odocoileus virginianus*) \[[@B31]\]. Hypoxemia was also found in cases where alpha-2 combinations were used in combination with opioids \[[@B28],[@B30]\]. The hypoxemia seen in this study as in studies of other ruminants, indicates that oxygen supplementation is indicated in these species. In a study of nine wapiti immobilized with xylazine-tiletamine-zolazepam, all were initially hypoxemic and in all, the hypoxemia resolved after administration of 10 L/minute of nasal oxygen for only five minutes \[[@B29]\]. A study comparing nasal oxygen and medical air supplementation in wapiti before and during anesthesia with carfentanil and xylazine found that wapiti receiving 10 L/minute of oxygen had a significantly faster induction and recovery, less hypoxemia, less rigidity and movement, but more apnea, hypercapnia and acidosis \[[@B32]\]. A review of alpha-2 agonist and hypoxemia concluded that hypoxemia in large ruminants such as cattle are primarily due to hypoventiliation and perfusion mismatching due to recumbency whereas sheep given xylazine can develop pulmonary edema \[[@B33]\]. Evaluation of oxygen flow rates necessary to correct hypoxemia is needed for moose and other species.

The hypercapnia noted indicates hypoventilation, which also causes hypoxemia \[[@B34]\]. Hypercapnia has been documented during anesthesia in a number of ruminants including wood bison \[[@B27]\], mule deer \[[@B28],[@B29]\] and wapiti \[[@B29],[@B30]\]. In a study comparing oxygen and medical air supplementation in wapiti, both groups had increasing PaCO~2~ over time, but this was significantly higher in the group receiving oxygen \[[@B32]\]. Under ordinary conditions, increased PaCO~2~ stimulates and increases central respiratory drive and severely decreased PaO~2~ can also stimulate increased ventilation \[[@B35]\], however anesthetics depress the ventilatory response initiated by increased PaCO~2~. When increasing FiO2 and therefore PaO2 in carfentanil-xylazine immobilised elk a significantly increased PaCO2 was observed which is highly indicative that hypoxemia in the Elk breathing pure air had resulted in increased ventilatory drive \[[@B32]\]. Hypercapnia and decreased pH also cause a right shift in the oxygen-hemoglobin dissociation curve, increasing the unloading of oxygen at tissues, enhancing oxygen delivery \[[@B35]\]. Both etorphine and xylazine are likely contributing to the hypoventilation and intrapulmonary causes of hypoxemia and resulting hypoxemia and hypercapnia. As neither the hypercapnia nor hypoxemia changed with time, this indicates continued respiratory depression.

PAO~2~ are mostly governed by uptake of oxygen by pulmonary capillary blood and replacement by alveolar ventilation. Normal values for PAO~2~ for normal animals at sea level are around 13 kPa \[[@B34]\]. The initial PAO~2~ in this study was 11.3 ± 1.0 (9.8-13.2) kPa. P(A-a)O~2~ was 3.0 ± 1.4 (0.7-5.6) kPa (Normal is generally less than 2 kPa with over 3.3 considered abnormal \[[@B35]\]) indicating that intrapulmonary problems like V/Q mismatch, physiological shunting or diffusion impairment could be contributing factors. Within the study group, we found large variations between animals ranging from normal function to animals with a markedly high P(A-a)O~2~.

The hypoxemia seen in all animals could be due to a variety of possible causes including low inspired O~2~ pressure (altitude), hypoventilation, V/Q mismatch, pulmonary shunting or diffusion limitations. Barometric pressure ranged from 694 to 708 mmHg, so low barometric \[[@B35]\] pressure would not be expected to contribute significantly to the hypoxemia observed. The spread of P(A-a)O~2~ a would indicate most moose have a pulmonary problem in addition to likely hypoventilation. A future evaluation of the effect of positioning (head uphill vs. downhill vs. flat ground) is warranted, however, these large animals can be difficult to reposition beyond moving from lateral to sternal recumbency.

We found a marked acidosis, both respiratory and metabolic. The metabolic part of the acidosis improved with time, reflected in a significantly increased pH and decreased lactate and increased BE in the second sample. The severe lactic-acidemia decreased significantly over time, indicating either decreasing lactate production, increased lactate metabolism or a combination of these. The mean lactate levels in arterial blood in the present study were slightly higher than the mean venous lactate levels in etorphine-immobilized moose reported by \[[@B20]\] who found significantly lower lactic acid levels in animals with longer induction times and with increased time between darting and sampling. That study found a plasma lactate of 9.3 ± 2.1 (2.9-12.5) mmol/L and blood was sampled at 11.0 ± 4.1 (6.0-19.9) minutes after darting. The moose in the current study had both longer induction times, a later sampling time and higher lactate than found in etorphine-immobilized moose \[[@B20]\]. Furthermore, lactate is normally higher in venous samples than in arterial \[[@B36]\]. This indicates that moose immobilized with etorphine-xylazine-acepromazine had higher lactate levels than moose immobilized with etorphine alone.

Anion gap decreased, likely caused by the lactic acidosis. K increased between the samples in spite of an increase in pH. As an increased pH will usually decrease K, the increased K likely reflects that K has leaked out of damaged cells, possibly muscular cells. The decrease in Hb and Hct could be a result of sequestration of erythrocytes in the spleen or increased intravascular fluid volume due to diffusion of interstitial fluid into the vascular space. This usually happens during anaesthesia due to vasodilatation and decreased blood pressure, which is consistent with xylazine and acepromazine anesthesia in some ruminants, however the etorphine usually causes increased blood pressure.

Conclusions
===========

Moose immobilized with etorphine-xylazine-acepromazine exhibited mild to severe hypoxemia, mild to moderate hypercapnia and moderate to marked acidemia.

Too far reaching comparative conclusions of this study should be cautioned, as it is hard to do cross comparisons among populations as physiological responses to anesthesia might vary in terms of body condition, age distribution and time of the year. The mean induction time for the 12 moose immobilized with one dart in our study was over 2 minutes longer than the 4.4 ± 2.6 minutes reported in etorphine-immobilized moose \[[@B20]\]. Physiological assessment of other immobilizing agents for moose including thiafentanil and etorphine, for anesthesia of moose and evaluation of oxygen supplementation for correction of hypoxemia is warranted.
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